
*3—AOSD 105 PHYSICAL SCIENCES INC WOSL)N’I MASS flS RonREMOTE MCASURET4~ PdT OF ~ClS ItY FLLiCtJAT IOP1IS IN TUISULEwY FLOWS.(U)
A~* 7t .$ $ SOILA. T F MOULt I. S PIPEI F19620 — 7 1—C—oO99

UNCLASSIFIED P$Iet*e1S, flflh_tN .

~~~
utS 

ML

I _ !! 1!_IF!! U!91
1 _ __ 1
~~~ iiii ’~~W~



i c:.,~ :~ I!~I~ IJ~II~
_ _ _ _  ~ ~2.2

Ii I~

JJJJJ
I.8

IOU ’ ~ 111h1a 4 nin~•~
MICROCOPY RESOLUTION TEST CHART

NAUOr~AL BUREA U OF S tAN DARD S - 963 -A



- 0 0 2 7  TR-189

(
~

)1EYEV
REMOTE MEASUREMENT OF DENSITY

FLUCTUATIONS IN TURBULENT FLOWS

by

J. S. Goela , T. F. Morse* and
L. G. Piper

( Prepared for

The Air Force Office of Scientific Research
Boiling Air Force Base
Washington, D. C.

Final Report

0’. under

C..,1 Contract No. F 49260—78—C—0099

~ UJ DISTRIBUTION STATEMENT A
Appr oved for public releose~

U’.. Diithbution Unlim ited
August 1, 1979

*Djvjgjon of Engineering, Brown Univereity, Providence, R.I. 02912

X~ OMMERCE WAY WOBURN MASS. O18~~

B 
~~8O 1 29 127



?‘
• ‘..UNCLASSIFIED

SEC)~$ITY C~~~ 844~FICAT ION OF THIS  PAGE (When Data Fnter.d) 11.
fj ~~i (.~ CI~ EPORT DOCUMENTATION PAGE R E A D  INSTRU ~~’fIONS
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

BEFORE _COMPLETING _FORM
_ _ _ _ _ _ _ _ _ _  3. RECIPI5.M~rS C A T A L O G  NUMBER_ _ _ _ _ _ _ _ _  GOVT ACCESSION NO.

L P ED 

- - - - . -- .-—

4. TITLE (and Subtitle) 5. TYPE
/
C 

FINAL , ~‘k~’~
REMOTE MEASUREMENT OF DENSITY FLUCTUATIONS IN 1 Au~ 78 — 31 Jul  79

~~ t 8 1~~9Ru ~~~~~~~~ nEreRT~~~~.TURBULENT FLOWS , - ________________________

m U t r t uPqs) — -—— 8. CONTRACT OR GRANT NUMBER(S)

“,~ j~~OEL~~ (1~ 
~~~~~ 

-

~~~

-

L F ~tiORSE / F4962Ø-78-C-.0p99;

L ~~~~
IPE

~~,4R NAM E AND ADDRESS 10 PROGRAM ELEMENT PROJ ECT TASK
RK U~ J X t ~UMBERSPHYSICAL SCIENCES INC 

~~~~~~~~~~~30 COMMERCE WAY
WOBURN , MA 01801 61102F t.~..

It . CONTROLLING OFFICE NAME AND ADDRESS t2 .  R~~~gft T~~ ATE

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH/NA ( / /i  .L. Aug 79 - .

~~. NUUaefl-e ’F1P AGESBLDG 410
Ro LLING AIR FORCE BLASE. D C 20332 73

~~ ONITORI~IG AG ENCY NAME & AD DRESS(l i  different from Control

C ~~ 1~ R (.j
~ji~~
z7s;

LAPa Off ic e) IS. SECURITY CLAS S. (of this report)

UNCLASSIFIED
IS.. DECLA S S I F I C A T I O N / D O W N G R A D I N G

SCHEDULE

1$. DI STRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIB UTION STATEMENT (of the abstract entered in Block 20 , if different from Report)

D D C
i~ 1~flflI5. S UPPLEMENTARY NOTES 

1

1~’16U U 1~19. KEY WOROS (Continue on reverse side if necessary and Identify by block number)
LAWER APPLICATIONS B
REMOTE MONITORING . .
TURBULENCE
REMOTE MEASUREMENTS
LASERS

AB STRACT (Continua on reverse aide If necessa ry sad identify by block numb er)
This report describes the results of a theoretical stud y carried out to exp lore
the possibility of obtaining quantitative information about density fluctuation
in an air turbulent flow . Specific techniques considered for analysis include
a new three—leve l gain measurement technique , the use of laser induced gas
breakdown as a diagnostic tool , and monitoring of the laser induced fluorescenc
signal. The effect of turbulence on the diagnostic design is considered and
the possibility of conducting a laboratory experiment with the use of
commerciall y available lasers is ~iscusse~ .~~~

~~~ F ORM .
I J AN 73 473 EDITIO N OF I NOV 65 IS O B SOLETE UNC LASSIFIED 

~,,3 ~/ ic2 ..5~



TR-189

ABSTRACT

This report describes the results of a theoretical study carried

out to explore the possibility of obtaining quantitative information about

density fluctuations in an air turbulent flow. Specific techniques con-

sidered for analysis include a new three-level gain measurement technique,

the use of laser induced gas breakdown as a diagnostic tool, and monitoring

of the laser induced fluorescence signal . The effect of turbulence on the
diagnostic design is considered and the possibility of conducting a labora-
tory experiment with the use of commercially available lasers is discussed.
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I
1. INTRODUCTION

The purpose of this study is to investigate new techniques for

I monitoring density fluctuations in a turbulent flow field ; in particular ,
a new three—level gain measurement scheme is examined with the aim of pro-
viding important information about the turbulent flow field behind a tur—

I ret mounted on an airplane. For this application there are certain con-

straints under which the density diagnostic is to function . These con—

I straints include a spatial resolution of approximately 1 cm , and the capa-

bility of monitoring 1% density fluctuations non—intrusively , instanta—

I neously, accurately and remotely .

Several schemes, which may be used to monitor species concentra—

I tions in a flow field , are available,
111 but all these schemes suffer

from one or more drawbacks. Methods involving shadowgraph , schlieren ,

I interferometry and resonance absorption of light can only provide infor-

mation about the average density along a given path length. Scattering

I techniques based upon Raman and Rayleigh processes , in principle, can
provide the necessary spatial and temporal resolution needed to make

such measurements in a turbulent environment; however , Raman scattering

I cross—sections are small with the result that a reasonably good signal
to noise ratio is difficult to obtaifl, while the Rayleigh scattered sig-

I nal may contain significant contributions from I-Lie scattering. Further-

more , under combustion conditions , Robberi has concluded that for the

measurement of 10% root mean square turbulent fluctuations or less, the
Raman scattering technique is incapable of making a satisfactory measure—

I ment.

I 5Recently, Daily has used laser induced fluorescence to measure

I density in turbulent reacting flows. An important feature of his tech-

nique is that if a laser is used to saturate a particular transition ,

i the fluorescence signal from the excited state is independent of the

I quenching rates. The possibility of using this technique to measure

( density fluctuations has also been explored in this report in Section 3.
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The main emphasis in this report is the theoretical evaluation

of a three—level gain measurement technique as a possible method for oh—

I tam ing quantitative information about density fluctuations in an air

turbulent boundary layer. Several naturally occurring species in the

I atmosphere can be used to make such a measurement and details about three—

level gain measurements are provided in Section 2. In Section 3, tech—

I niques for monitoring other parameters which can be related to gas den-

sity are considered. These techniques include monitoring laser induced

I fluorescence and the use of gas breakdown as a diagnostic tool. In Sec— A
tion 4 , the effect of turbulence on diagnostic design is discussed , and

I the possibility of conducting a laboratory experiment to test the diag-

nostic scheme is explored in Section 5. Finally, the conclusions are

presented in Section 6.

I
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2. THREE-LEVEL GAIN MEASUREMENT TECHNIQUES

The basic three—level gain measurement scheme entails using a

I high power pulsed laser to saturate one transition of a molecule and

measuring gain on a coupled transition of the same molecule with a probe

I 
laser. As shown in Fig. 1, the pump laser saturates the transition 1 ~~~~~ 2

while the probe laser measures gain on transition 2 ~-+ 3. The power of the

I pump laser is chosen such that in each shot the transition is saturated

even though there may be variations in the output of the pump laser from
shot to shot. This condition is realized when the pump laser intensity

I is always greater than the saturation intensity for the transition ; con-

sequently, pump laser variations play no role.

Saturating transition 1 ~ —~- 2 means that a specified number of

molecules (and this number can be calculated) will be excited from level

1 to le~)el 2. Measurement of small signal gain on transition 2 4—p 3 can
provide quantitative information about the number of particles in level

2. This in turn is related to the total concentration of the species

through the saturation condition . Now, if the concentration of the

I species involved in a gain measurement in the atmosphere is known , we
can determine the atmospheric density . To obtain good spatial resolution

I required for making measurements in a turbulent environment , the pump and

probe lasers are placed in a perpendicular configuration as illustrated

I 
in Fig. 2.

A list of naturally present species, along with their atmospheric

I concentrations , is given in Table 1. It can be seen that there are several

species which might be suitable for a gain measurement. Selection of a

species, however , depends upon a number of criteria including (a) the

I availability of a high power laser having a lasing frequency resonant

with the transition frequency of interest in the chosen molecule , (b)

I measurable amount of gain obtainable on the coupled transition , and , (c)

availability of a probe laser of sufficient intensity to measure the

I gain. There are very few high power lasers available in the visible and

I 
3

I
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11~21 
~~~~~1 V

23

Fig. 1 The basic three level gain measurement scheme .
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TABLE 1.

Concentration of Gases in Air

Constituent ppm by Volume

N 2 7. 808 ‘C 10~

0z 2.09 x10
5

H20~ 2. 5 x

A 9. 34 x 1 03

CO 2 330

Ne 18. 18

He 5.24

CH
4 1.6

Kr 1. 14

H
2 0.5

N 20 0. 28

Xe 0. 087

CO 0. 075

*For tropical atmospheres at sea level.
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UV. This means that saturating an electronic transition is perhaps not

practical. Ideally, one would like to work with nitrogen or oxygen be—

I cause these gases have appreciable concentrations in the atmosphere.

However, there are no laser frequencies which are resonant with the two

I coupled allowed transitions in these molecules.

The amount of wate - vapor in the atmosphere varies, and for tro-

I pical atmospheres at sea leve.i , the water vapor concentration is 2.5%

by volume. The water molecule is one of the molecules which has been

I investigated in this study for a possible three—level gain measurement.

Another molecule considered is C02, which has a concentration of .03% by

I volume. Argon and other inert gases have not been studied because elec-
tronic transitions are involved. Methane, N20 and other trace gases are

I possible candidates for a three—level gain measurement, but their con-

centration in the atmosphere is too small to produce an appreciable gain

necessary for an accurate measurement of density.

2. 1 Three—Level Gain Measurement in CO2
In the lowest electronic state of CO2 there are several coupled

I transitions involving vibrational levels which can be employed for a

three-level measurement. However , the suitability of a particular tran—
sition for making a density measurement depends upon the availability of

I lasers. With the use of the existing commercially available laser sys-

tems , the three—level gain measurement in CO2 may be made in the follow—
ing three ways: (i) 2.7 pm HF laser pumping of the 000 ~~ 021 or 000 ~-~01l

transition and gain measurement on the 021 +-~~ 020 transition with a 4.3 pm

I CW diode laser; (ii) 4.3 pm HBr laser pumping of the 000 ~~ 001 transition

and gain measurement on• the 001 ++ 100 transition with a 10.6 pm CO
2 probe

I laser; and, (iii) pumping of the 000 ~~ 001 transition with a 4.3 pm

HBr laser and gain measurement on the 001 4-+ 000 transition with a 4.3 pin

CW diode laser.

Detailed theoretical calculations have been made and these calcu—

lations show that scheme (i) is the most promising of the three schemes
I outlined above. Consequently , in the following we will discuss scheme (i)

F in detail, while the other two schemes will be described only briefly.

—7—
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The vibrational levels 021 and 011 of CO2 are in Fermi resonance.

Therefore, we assume that these two levels are in equilibrium at all times.

Several HF laser lines are in near resonance with different rotational

lines of combination bands 000 ~ —‘~ 021 and 000 ~~ 011 in CO2. The selection

I of a particular HF laser line is based upon the following criterion:

I (a) The HF laser line should be in resonance with a high

J rotational line on an R—branch transition. Theore—

I tical calculations given in Appendix II show that

when a high intensity laser is resonant with a high

I J rotational line in an R—branch transition, it is

possible to excite more than half of the ground state
*particles to the excited vibrational manifold ;

i I 
(b) The HF laser line selected for pumping must be one

of the stronger lines of the HF laser to achieve

the necessary saturation condition;

I
(c) The laser intensity needed to cause saturation should

I be such that it must not cause breakdown in the air.

After taking into consideration the above criterion, it turns out
1 that the P(4) line of the transition 2 4-+ 1 in an HF laser is best suited

to saturate the 000 ~~~~~ 021 transition in CO,. The P(4) line (V = 3622.663
I 1 p 11 cm ) is in near resonance with the R( 12) line (V = 3622.492 cm ) of the

100 4-+ 021 transition in CO2 . The exact frequencies of HF laser lines are

taken from Ref.  12 while the frequency and the strength of rotational

lines in a particular band of CO
2 

are obtained from a computer program

I which uses the parameters compiled in Ref. 13.

I 
* 

S

To be published in Optics Letters, December 1979.
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The laser intensity required to saturate a transition can be cal—

culated from Eq. (Al—b ) derived in Appendix I. To calculate saturation
I intensity one needs the characteristic time for vibrational relaxation

the Einstein coefficient , (A), for vibration-rotation transitions

I corresponding to the R(12) line of the 000 4—p 021 transition in CO
2 
and

the width (~V 
) of the rotational line R(12). The vibrational relaxation

g L

I time constant CT ) for level 021 has been taken to be the characteristic
V

time for the V—V transfer process which is the fastest rate of deactiva—

I tion of the 021 level in CO
2.

I CO2 (021) + N
2 
(v = 0) -

~ CO2 (020) + N
2 Cv = 1).

I The rate constant for this reaction is
14 1.6 x 106 sec ’. Consequently ,

T = 6 x ~~~~ sec. Other deactivation rates for the excited level 021

I 
are much smaller and the value 6 x 10 sec should be correct to within

a factor of 2 of the true value of T
V

I The Einstein coefficient for the particular vibration—rotation

transition has been calculated from the following relation:

28\ 19A = (—i--) S (2.48 x 10 ) exp (V
L 
].4387/T) , (1)

I
I where 

. . cm 1 
—l .

I S = Line strength in 
(cm

2 molecule ) obtained from a

computer program based upon parameters of Ref. 13.

I
A = Transition wavelength in pm.

I ‘
= Energy of the lower level in cm

I
I ..9

‘Swp-w ~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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For the R(12) line of 000 ~~ 021 transition in C02
,

I I -1
S = 1.035 x io~

8 (cm molecule 1 
~ ,V 0,

I \
2

T = 300 K , A = 2.76 pm.

I -l
Substituting these values into Eq. (1) we find A = 9.38 sec

The width, Z
~
V
L, of the rotational line R(l2) has been taken to

I be the mean full width at half maximum of the CO2 
molecule at 1 atmo-

sphere pressure as listed in Ref. 13 (
~
VL = 0.07 cm 1).

I Substituting the value of T , A , and 
~
v
L 

in Eq. (Al—b) , we find

that the laser intensity required to saturate the R(12) line in CO2 must

be much ~greater than 0.185 MW/cm
2
. To saturate the vibrational transi-

tion 000 ÷+ 021 completely, however, this intensity must be divided by

I the Boltzmann factor for the R(12) line (see Appendix I). Taking into

account the Fermi resonance between levels 021 and 011, the Bo].tzmann

I factor for the R(12) line is 0.0173. Therefore, the laser intensity

needed to saturate the vibrational band 000 ~
-+ 021 must be much greater

2 2 .

I than 11 1.1W/cm - Thus, tens of MW/cm of laser power will be required

to saturate the combination band 000 ~ -+ 021.

I A laser intensity of tens of megawatts per square cm at 2.7 pm

does not cause breakdown in clean air. Even when the air is mixed with

I particulate matter, there will be no breakdown in air at 2.7 pm if the

laser pulse duration is 1 psec or shorter. The choice of the laser

I pulse duration, ~~ depends upon T CT < t). Since T = .6 psec, the

whole experiment will be completed in less than 1 psec. Thus, under

I experimental conditions of interest to us, air breakdown should not oc-

cur.

!~ 
I
I
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2.2 Calculation of the Absorption Coefficient

The knowledge of the absorption coefficient in air at the pump

laser frequency is necessary to determine how far along the path the

I laser beam will be able to saturate the gas. The absorption coefficient

in cm
1 
has been calculated using the following relation :

I
S N

I K(v) = ., (2)

I ., f~v \2I
2 1r I(v — V )L P  0

I
where

I
S = Line strength in (cm molecule 1).

I .

N = Number density of absorbers, cm

= Pump laser frequency, cm~~.

V = Line center frequency of the transition , cm
1
.

~
V
L 

= Full width at half maximum, cm 1.

I For the HF laser line P(4) 2 -
~ 1, S = 1.035 x lO~~~ cm molecule

N = 7.35 x 10
15 molecules/cm3 at sea level , (V - V ) = 0.171 cm~~

I -i p °
and AVL = 0.07 cm . Substituting these values in Eq. (2), we get

—4 —l
K ( V ) = 1.71 x 10 cm . Thus, the HF laser will be able to satu—

I rate the 000 021 combination band in CO
2 
over a path length of

several meters in air.

2.3 Calculation of Small Signal Gain

k I Thus far we have concentrated on the calculation of pump

laser parameters such as laser intensity, pulse duration and laser

-ii.-
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I absorption coefficient in air required to saturate the 000 ~
-+ 021 com-

bination band in CO2. By selecting an appropriate rotational line we

I have also tried to maximize the number of particles excited to the 021

level in CO
2
. Now we concentrate on the calculation of probe laser

I 
parameters and on the maximization of gain on the coupled transition

021 4—’ 020.

In a thermalized rotational distribution, the gain on a P—branch

transition is larger than on 9— or R—branch transitions. Consequently,

for a given rotational partition function, the maximum gain is obtained

when the rotational level with the most particles in the excited state

is involved in the P—branch transition. On the coupled transition

021 ~~~~~ 020 in C02
, the P(b6) line with frequency 2314.22 cm

_i 
will give

I the maximum gain. To measure this gain, a CW diode laser will be used.

This laser can be fine tuned tD match exactly the P(l6) line of CO
2 
on

the 021 ~—‘ 020 transition.

I
The small signal gain, G, on the P(16) line of the 021 +-

~~ 020

I transition in CO2 has been calculated using the following expression:

I AN
G(V

L
) = 2~’V - V

I 4T 2
A V [ 1 + 4 ( L 0)

where AN~ is the population inversion on the P(l6) line, A~ is the Ein-

stein coefficient for spontaneous emission , is the frequency of the

I probe laser, and the other symbols have been defined previously.

I The population inversion AN~ is calculated assuming that satu— 
S

ration with the pump laser will place approximately one third of the

I total molecules in the 021 level because there is Fermi resonance between

levels 021 and Oil. Substituting the va.Lues AN~ = 7.35 x lo15 x .33 x .0369

I = 8.95 x 1O~
3 molecules/cm3, A~ = 173 sec 1

, AvL = 0.07 cm 1
, (V

L 
— V )  0

and X = 4.32 pm in Eq. (3), we get G(V
L 

= 4.32 pm) = 0.017 cm 1.

-l2~ 

---
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Measurement of gain at 2314.22 cm 1 (4.32 pm) may become difficult

if there is appreciable absorption of the probe laser in air. The 4.3 pm

band in CO
2 
originating from theground state is very strong. However , the

I frequency 2314.22 cm ’ is appreciably shifted from any of the vibration—

rotation lines in the CO
2 
000 ~4-+ 001 band. To see how much power the probe

I laser will lose as a consequence of this absorption, we calculate the ab-

sorption coefficient in air at 2314.22 cm 1 from Eq. (2) . This absorption

‘ 
coefficient comes out to be 7.5 x 10~~ cm ’. Thus , the probe laser can
traverse a distance of several meters without appreciable attenuation in

— the air.

In summary, therefore, the three—level gain measurement technique

involving the 021 ~~~~~ 000 combination band in CO2 yields a gain of 0.017 cm
1

with the use of commercially available laser systems. In Section IV , we

will see whether a gain of 0.017 crn ’ is sufficient to provide quantita—

I tive information about turbulent density fluctuations in atmosphere. For

convenience , first we summarize in Fig. 3 the salient features of the 4.3

pm gain measurement on 021 4—p 000 transition.

I Now let us briefly consider other techniques for making a three-

level gain measurement in CO
2. One scheme involves pumping the 000 ~~~~~ 001

transition in CO
2 
with a 4.3 pm HBr laser and a gain measurement on the

I 00l~ ’l00 transition with a 10.6 pin CO2 probe laser. The pump and probe

laser r~quirements and othe: salient features of this schelfte are summarized

in Fig. 4. Calculations of the various parameters have been made following

the procedure outlined above. From Fig. 4, it can be seen that one can

I only get a gain of 2 x l0~~ cm~~ which is much smaller than the gain of

0.017 cm 1 obtained from 021 4-+ 020 transition considered above .

I Another three—level gain measurement in CO2 involves pumping the

000 ~ -+ 001 transition with a 4.3 pm HBr laser and a gain measurement on

I the same 001 ~~ 000 transition with a 4.3 pm CW diode laser. This tech-

nique is based upon the fact that under certain conditions (which are

I specified in Appendix II), optically pumping an R—branch transition at

high J number leads to gain at those frequencies which are smaller than

the pump laser frequency. For this scheme , the pump and probe laser re—

I quirements are given In Fig . 5. It can be seen that this scheme is not

1 -13-
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000 4 ’  001 band.

I -16-

I’
‘.

~~~~~~~~~~ 
--

~~~~~~~~~~-
- 

~.
. 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~ 

-



suitable for our application due to two reasons . First, the gain obtain-

able on the 001 +-+ 000 transition is only 7.67 x 10 3 cm
_1

, which is smaller

than the gain of 0.017 cm ’ obtainable from the 02]. ~4--4 020 t ransit ion con-

g sidered above. Secondly, the probe laser absorption coefficient in the

I air is very high C = 0.46 cm 1),with the result that most of the energy in

the probe laser will be absorbed in the atmosphere by the time the probe

I laser reaches the detector.

I 2.4 Three-Level Gain Measurement in Water Vapor

The amount of water vapor in the atmosphere varies with the al—

I titude, geographic location and the time of the year. For tropical at-

mospheres at sea level, the water vapor concentration is 2.5% by volume.13

I This concentration is approximately 8 times the concentration of CO2 in the

atmosphere at sea level and justifies studying the water molecule to explore

I the poss.ibility of a three—level gain measurement in H2O with higher gain.

For a possible three-level gain measurement in H
2
O, two coupled

I transitions have been identified . These are the 
~32 

~~÷ ~~~. 
transition on

the 001 ~~~~~ 000 band, and the 633 
:; 

~~~ 
transition on the 001 ~~~~~ 020 band.

I The HF laser line 1 -
~ 0, P(S), is in near resonance with the 

~32 
:; 43].

transition of the 001 ~
-+ 000 band in H

20. The gain may be measured on the

I 
6
33 ~~ 

55Q transition on the 001 ~
—‘

~ 020 band either with a CW diode laser

or with a CW H 2O laser . The salient features of this scheme are presented

in Fig. 6. Here several points should be noted. First, the calculated

I gain at 28 pm turns out to be slightly larger than the 4.3 pm gain measu-

rement in CO
2 
(Fig. 3). However , this gain is only for tropical atmos—

I pheres at sea level. As one moves to other model atmospheres, the gain

decreases. Furthermore, at higher altitudes, the concentration of H2
0

in air decreases and so does the gain. For instance, as shown in Fig. 7,

at an altitude of 6 Kin, we can only obtain a gain of 0.001 cm 1 
for tro-

I pical atmospheres. Thus, this scheme becomes increasingly unattractive

as the altitude increases.

I The other drawbacks of this scheme are: (i) the gain is measured

at longer wavelengths (28 pm) where detector sensitivity is lower yet; and

i i  
17 1~
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Fig. 6 Salient fe atures of 28 ~im gain measurement in H 20.
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(ii) the laser intensity required to saturate the 
~32 4 33. transition in

the 003. ~~~~~ 000 band is rather large and this intensity may cause breakdown

in the air.

I A summary of results for the three—level gain measurement schemes

are presented in Table 2 for comparison. It is clear from this table that

I the most promising of all the three—level schemes is the one which invol-

ves pumping the R(12) line of the 021 4+ 000 band in CO
2 
with an HF laser

I and the gain measurement on the P(16) line of the 021 ~~-‘~ 020 band with a

CW diode laser. In the next section, we will discuss those schemes which

monitor parameters other than gain to yield information about turbulent

I density fluctuations.

I

I
I V

I

1
I
I
F
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TABLE 2

I A summary of result s on three level ga in measurement scheme s

PUMP LASER CHARACTERISTIC S PROBE LASER CHARACTERISTICS

I ~~ Pump Absorption Laser Laser Absorp t ion Gain Probe Absorp t io Gaiji
Laser Line Pulse ntensit y Coeff icient nine Laser oefficient cm

__________ _________ Time (Saturation ’ 
__________ _________ _________ ________ ________

l I S T CO 2 
CO 2 cw co2co2 2 ~ I P16) 00 1 • 000 

S0 . 6 ~ scc >0 .  I I M\V 0. 03 cm I 001 100 
Laser 0 2 a

2364. 346 R (2O) 2 P ( 16 )
cm

2364. 108 10. 6 ~mI — 

HF H
2
0 ~~2O U)

Diode
H

2
0 a O P ( S )  00! -. 000 

~ 33 nsec > 6 1 6 M W ! O . 0 l 2 c r ~i
1 00 1 - .  02 La ser ~ 0 0 . 0Z cm~~

~32 ~31 2 633 -+ 
~50 ( ii) cwI 

— 

3741. 675 
3741. 306 

cm 

27. 97~jn ~~~ Laser

H EI r CO 2 
CO 2

00!- ’ 000 � 0. 6 ~isec > 1 . 8 7  MW 1 . 9 x 1 O ~~ 
00 1 000 CW

0. 46 cm ’ 7 . 6 7 x I ~~
3I ~~~~ 2 I PCi)  

R (5 4)  cn~
2 P (24) Diode

Laser2382 . 370 4. 294 ~jni2382 . 507

HF CO2 co2I —
. 

2 P ( 4 C 0Z~~l-. 00 00 0Z 0 l~~ 0~~~� 0.6 ~sec >10 W/ 1 7 1  
CW Diode 7. ix 10~~ 0 0174 c,~coz RItZ ) 2 P(6)

3622. 663 cm Laser

I ________ 

3622 4 92 4 32 urn V

~For Trop ical Atmosphere at Sea Level

I
I
I
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3. OTHER DENSITY FLUCTUATION DIAGNOSTIC TECHNIQUES

In this section, we consider those techniques which monitor para—

meters other than small signal gain to obtain information about the den-

I sity fluctuations in a turbulent boundary layer. In this category , two

schemes have been examined . The first is the use of laser induced air

I breakdown as a diagnostic tool and the second is the ultra violet-visible

fluorescence probes to monitor turbulent density fluctuations. Both these

I schemes are discussed below.

I 3.1 The rise of Laser Induced Air Breakdown as a Diagnostic Tool

The breakdown of a gas from the radiation of a focused TEA laser

is now a common laboratory phenomenon , occurring at a range Of different V

laser wavelengths , pressures, intensities and gases.”5’
16 Many of the

I studies of this breakdown have been concerned with the complex mechanisms

that initiate the breakdown by supplying the initial electrons that are

I accelerated by the field in the cascade process. This breakdown of the

gas may be broken up into several temporal regimes. The initiation of

I 
the breakdown is dependent upon the presence of at least one electron with-

in the focal volume. The multiphoton processes responsible for the cre-

ation of this ‘lucky electron” are still a subject of both theoretical

and experimental investigation , and the differences between breakdown in
Ucleanil and “dirty,” or laboratory air are, in large part, explained by

I the presence of impurities capable of easily donating electrons to start

the cascade process. Once present, an electron will be accelerated by

I the intense field in the focal volume of the laser to gain sufficient

energy to ionize a neutral particle. This results in the production of

I two low energy electrons that are again subsequently accelerated in the

field . This process repeats itself leading to a high d egree of ioniza-

tion in an extremely short time. In the analysis that follows, we shall

I be concerned only with the cascade process rather than multiphoton pro-

cesses that may be of importance during the early stages of ionization.

I V
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In Fig. 8 we see the qualitative behavior of air breakdown at a pressure V

of nearly one atmosphere .17 ’18 For higher laser fluxes , an order of magni-

I tude or more above threshold, and for clean N2 ,19 
the breakdown is one to

two orders of magnitude more rapid. The purpose of the following investiga-

tion will be to examine the dependence of electron density upon neutral

I density , time, and laser flux during the initial stages of breakdown.

I 
In Fig. 9 we see a possiblearrangeioent by which plasma breakdown

and a measurement of the time to opacity or complete ionization can give

information on the spectral density and frequency of density fluctuations.

At this point we will merely note the well known correlation between

spatial measurements of a fluctuating quantity at a single instant of

time and the temporal fluctuation (the actual quantity desired) at one

point in space.19 In our proposed experimental configuration, we attempt

I to remove the one disadvantage associated with using laser bteakdown to
I obtain quantitative information on local proper ties , and that is the

shot to shot variation of the TEA laser itself.

In the configuration indicated ,, the pulse from the TEA laser

i passes through a 50% beamsplitter. At each focal point, a breakdown
will occur , and the degree of ionization will be such as to severely at-

tenuate the CW CO
2 
probe laser passing through these focal points. It is

the “time to opacity” measured at detectors 1 and 2 that will provide in-

formation on the local state of the gas in the breakdown volume . The

measurements must be made as we shall see below, in the order of tens of

nanoseconds , which ~-‘ill still ensure that we are concerned with small, i.e.,
I “point” volumes of gas. With additional great attention placed upon ob-

taining high beam quality, this will minimize the differences in intensity

1 between focal points 1 and 2. Thus, any shot to shot variation in the

pulse will manifest itself in the same manner at each breakdown region.

A stable CW probe laser, also C02, passes through the other side of the

beamsplitter as shown. This will cause the probe laser to pass through

each focal region. If the second mirror and lens, as well as the second

detector were on an optical rail, then the second focal point could be

moved easily to measure the spatial correlations of the breakdown times

I without a need to realign either laser. Each detector will monitor the

1 -24- 
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time required to reach opacity , and it will be shown how the difference in

time required to reach full ionization at focal points 1 and 2 will be a

I sensitive measure of the difference in local neutral particle density. In

order to insure that the detectors sample only the CW radiation , we can

I arrange that the CW laser has polarization different from that of the pulsed

laser, and that a suitable polarizer be placed before each detector. The

I following order of magnitude analysis will provide an estimate of the time

required to reach opacity, (i.e., the density associated with the local

I plasma frequency) and the sensitivity of this rise time to the local par-

ticle density.

I 3.1.1 Order of Magnitude of the Time Required To Reach Opacity

The plasma frequency ~ depends upon the number of free electrons
I p V

I present that interact with radiation of a given frequency . When the plasma

frequency is above or of the order of the laser frequency, significant ab—

sorption results. The time to reach this state is what we have called

above the “time to opacity.” Thus, W 5.64 x lO~ (n )
½ , where w is

e p
I in rad/sec, and n in electrons/cm . For 10.6 micron radiation , w =  271c/X *I 1.77 x 10

14 
rad/s:c. For w w, n

e 
1019 electrons/cm3. Thus, at one

i atmosphere, complete ionization produces an electron density that cor—

I responds to the plasma frequency. The time to yield this required number

of electrons, and the dependence of the electron concentration u~cz. tne

initial neutral density will be estimated in the following.

We consider first the full energy balance describing the energy

1 increase of the electrons

I IK + K .\a * d r i * d n

~~~~~ 
(
~ 

k T )  = 
ne 

I 
- 

~e dt 
a 

- 
(I~ 

+ k T )  

~ (4)

- .} k (T_ T )f (~~
)

F V H
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where Ka is the f ree—free absorption coefficient for neutral particles , I
is the laser flux, and K . is the ion absorption coefficient. The electron

I 1
*density is given by n ; n is the excited level number density with ener—

gy E ;  na is the neutral density; I is an effective ionization potential;

I in is the mass of an electron and M is the mass of a neutral. We neglect

K . compared with K
~~

, true certainly until the ionization becomes appreci-

I able. Further ,

I 2 
V

e n f 
—l

= 
e (5)

I
I where f is the neutral—electron collision frequency. Considering only V

processes that create electrons in Eq. (4) , ~.e ~nay write , as an order

of magnitude approximation,

I 2fI
e

2 (6)
7rmcV

I
~‘rom tz’1s2° the number of coll isions required to raise the energy of an

V electron by hv is approximately

by 3 ltmc (7)

I e
2
I

I Since we wish the avalanche process to be relatively slow , we choose a V

threshold laser intensity of I = 2.8 x ~~ watts /cm2 . For a 10.6 micron

I photon , V = 2.8 x io
13 and for the intensity cited above , we find approxi-

mately 2 collisions are needed for an energy increase by h~ . Thus , if we

I take 02 as the air constituent with the lowest ionization potential ( 12.3 ev) ,

and we neglect NO (ionization potential 9.6 ev) the number of collisions V

-27-
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required to raise a neutral particle to the ionization potential is given

by Eq. (7) , multiplied by 12.3 ev/hU 100 , or 200 collisions necessary
I . . . 22to ionize an 02 molecule. Using data f rom Phelps and Hake for O2~ 

we

I 
find that f ~ 8.4 x 1010 collisions/sec. at T

eo 300°K. Thus, 200 (col-

lisions/electron pair)! 8.4 x 10 (collisions/sec.) 2.3 x 10 sec, the

time to create one electron pair. If we consider the avalanche to begin

I when we have reached l0~ — 1010 electrons/cm
3
, (see Fig. 8) then we must

estimate the time required to increase this original number of electrons

I to an electron density corresponding to the plasma frequency for 10.6
19 3 . . 9

micron radiation, i.e., 10 electrons/cm . If we begin with 10 prim—

I ing electrons/cm
3 
then the number of generations of electrons is given

as 1019/109 . For this case n = 33 generations of electrons . If we

I 
begin with 10

12 
electrons, then the number of generations needed to pro-

duce 1019 electrons is 23. Thus, between 23 and 33 generations of elec-

trons are needed to reach full ionization with the above intensity and

I for 10.6 micron radiation. With one generation of electron pairs re-

quiring approximately 2 ns, then we are considering the time to breakdown,

I again for the conditions specified here, of the order of 45—65 nsec. It

should be noted that use of plasma opacity as a fast “shutter” requires

I an intensity two orders of magnitude larger than specified here, and

consequently, the rise time is sub nanosecond .
18 

We thus estimate that

I the experiment proposed will occur on a time sale of the order of several

tens of nanoseconds, well within the reach of a modern oscilloscope. A

I more quantitative estimate of the dependence of this rise time on the

neutral density will be conducted in the following subsection.

I 3.1.2 Dependence of Rise Time on Neutral Density

I 
Variations in the output power of the laser causing the break-

down, as well as variations in the neutral density of the medium in which
the breakdown occurs, will cause the time to reach opacity to vary . We

I will, also see that the dependence upon initial electron density (assum-

ing that the threshold condition is satisfied) will be relatively slight.

I That is, as noted above, a change in the number of priming e].ectrorks/cm
3 

, 
V

from io12 to ~~~ only changes the time to reach complete ionization by V

a factor of two.

i 
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We now consider the equation for electron conservation , in stan-

dard notation,

I dn 2
— = ci. n n - ~n n . . (8)

I 
dt I a e e

i Since we are considering processes that will produce the fastest possible
I rise time, we neglect all loss terms in the energy equation , Eq. (4). We

will do the same for the continuity equation, although an iterative pro—

I cedure on the loss term in the electron continuity equation could easily
be employed. With this simplification, the energy equation for electrons

I becomes

/ K I  2

~ ‘.~~k T  ~~~~~~~~~~~~~~~~~~~ e f I
dt~~ 2 e J  n 2

\ / e Ttm cV

I where f (Te ) is a f unction of time . In principle , the laser f l ux , I , may

also be a function of time. With the neglect of loss processes to es—

J tablish a lower bound on the time to opacity, certainly valid until an
appreciable fraction of the neutral particles are ionized , we uncouple

the electron energy and continuity equations. We assume that the effec-

I tive collision frequency is proportional to a mean electron velocity22

and that f -. (kT ) ½ For convenience, we will also choose a reference

I frequency and temperature to enable us to write

I I T \~
f =  —s-— ~~~~~~~~ . (10)

Te R

I p. .

I
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Eq. (7) may now be written as

I
I 

~~ 
(. .. k r )  = z 

~~~ 
‘ ‘ (11)

and may be directly integrated to yield the following :

I T T
0 

+ 

(3Urn~~~
2 
T2 
k) 

J 1(t ) dt
’.. (12) V

I This, in principle, allows consideration of pulse shapes upon the increase

of the electron temperature. In the following, however , we will restrict

the analysis to the case in which the pulse is time independent. There— 
*

fore,

2 2
e f I t

I. T = T~ + 
R 

( 13)e e
o 3 rrkmcy T

R

with f — n , we see that as soon as the electron temperature is notably
i R a
I above the initial electron temperature,

I
I 

T - n
2 ~2 

~
2 

(14)e aI. J :.

F

~
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cV~e now lnvestlgate the dependence of the electron density upon electron

temperature. Loss terms in the electron density ecuation are omitted ,
20

and we note that

I I -I /kT

i 
= <~~~> 

(~~~e 
+ 2~ e p e 

(15)

I with 0 T and < v > T
½
. Again , choosing a reference temperature ,e e e e

TeR 
(not necessarily the same as previously) , we wri te

I
I a 

= 
(r ~~ exp (-I /k T )  

= 

~ 
( 16)

~
T
e ) eXP (

~
I
P

/ k T
e
R

The equation for the increase of electron density may now be wr i t ten  as

I dii N~ e
p

/kT
e

I a I
R ( T ) -.~~ ,/kT

\ C R /  e~~~ 
e
R

or ( 17)

‘ d ( L n n )  ~ -I /kTe 
e ~ 

e

V 

dt a e

I The strong non— linear i t ies  of these initial cascade processes are im-
mediately evident . We formally i n t eg ra t e  this expression to obtain

I V

I
1 
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I /n ~I -I /kT

I ~~ 
~~~~~e /kT~ 

T~ e F e 
dt

t 
( l~~j

I where , in general , Te
(t) is given by Eq. (13) . For the specific case in

which we regard I as a constant , a change of variables in Ec. ( 1E)  is use—

ful .

I ç t -I /kT r e 
-I /kT

I T 2 e e~~~ =~~~~ 
T t e 

e d t

I J e j  e dT e.
T e 

e
0

I
I ~nen ft  /dT

2 
is substituted from Eq. (9) , a particularly simple form of

the eleètron density equation becomes

I ~ [::~:~~~~~~/kT~R (~j] f ~: 
e

’
~~
’
~~~~ dT ’ . ( 19)

I This integral may be evaluated in terms of elementary functior.s, and the

exponential integral. First , however , we define

I
3 rrkmcy f T

t A 

2 

‘R 
(T~~ ~ 

f
-I /kT e / 

a

Ze le ~D eR f
R ~ 

Rj

1 ( 20)
I I

I ‘P P — P
I ~~~~~~ k T  ‘ 

~~o k Te e

1
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with these expressions

I
~~~~~ (

~
) = A { ~~~ e~~~ -e - x (X) - E (X )]~ (21)

I and

i X =  —

~~

- (22)

[X
2 + Bt]

I
I with 

2
e

B E 1 — ~~ Ia
I . 3 r r m c v  (T I R) (23)

\
e
R P

,/ V

I
I 

For I >> kTe ,  we have l/X << 1. Thus, we may neglect e 0 and

Cx ) ,  and we obtain
0 V

I
~ ~ 

= X A [e~~~ - E (X)] (24)

with A independent of the neutral particle density , n , and inversely

proportional to the laser flux , I. Thus, for times at which the elec— 
V

I tron temperature is notably higher than the initial cool gas, i.e.,

1 
2

T~ 

e 
~R 

2 
(25)
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I
we have ,

Ln (~) — n
2 

i 
e (2 

I
2
~~2) 

- 

k

1
1 E

1 (~ ~
2 
a).] 

(26)

For typical values of f luxes and pressures near atmospheric , the f i r st

I term will domina te , and the exponential term quickly approaches its asym-

ptotic value ; thus , our final simple result is characterized by a stronger

I dependence upon neutral density than upon the laser flux . If we now wish
to consider the detector responses of the schematic experiment in Fig. 9,

we may make these measurements at two locations simultaneously since the

same pu se is causing breakdown at two separate points . The maximum de-

crease of the signal will be a direct measurement of the integrated elec-

tron density through the plasma , and the Vtime at which the tWo signals de-
crease relative to one another can be monitored accura tely .

I
~ (

~
)
~ 

(na)?
I 

(na)2 

(2

I \e J 2  
2

where the subscripts 1 and 2 refer to simultaneous measurements of the

attenuation of the probe beams passing through the two focal points.

I Thus, by monitoring the relative intensities just before opacity is

reached , it would seem that a sensitive measurement of the densities

I (neutral) .at the two different focal points can be made. The problem

I
1 

~~~~~~ 
U

.
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I

I
of f luctuation of the shot to shot laser pulse now poses no problem , and

I the dependence upon the initial electron density (assuming threshold can

be reached) is weak. We should also note that a more complete analysis

I retaining loss terms may give a somewhat weaker density dependence, never-

theless, an exponential dependence is still to be expected.

3.1.3 Conclusions

I It is well known that a TEA laser pulse can ionize gas at some
I distance, and that the rise time of the electron density is a function

of several variables, the laser flux, the neutral density, the initial

I electron density, and the ionization potential being among the most im-

portant. One of the drawbacks in attempting to use such a breakdown to

I obtain quantitative information on the state of the gas, is that fluc-

tuations in the power output of the TEA laser may well be larger than

I the changes in the state of the gas from point to point in the flow field.

With the use of a beam splitter to assure that at each shot, essentially

I the same shape of the pulse is causing the breakdown, this problem can

be avoided. Our calculations indicate that this method may also have a

relatively high degree of sensitivity.

I

I
I
I
I
I
I

F . 

*



I 
V

3.2 Ultraviolet — Visible Fluorescence Probes to Monitor Density

I 
Fluctuations

There are four potential sources of photoexcitation which may yield

I a fluorescence signal containing information about turbulent density

fluctuations. These are: laser—induced fluorescence , laser—induced

I photodissociative excitation , two-or three—photon photodissociative

excitation, and chemilumi.nescent reaction following photolysis. In the

following, we will examine each of these options briefly , after setting

I initial limits on reasonable signals to guide our choice.

As explained in Section 4 of this report, to achieve 10% precision

in the measurement of 1% density fluctuation , io6 
photons must be detected.

If the detector system consists of a collection lens at f/5, an inter—

I ference filter of 50% transmission and a photomultiplier of 20% quantum

efficiency, then 4 x 10 photons must be emitted in the region of interest in

~ I 
order to detect 106 photons. If we neglect photon losses resulting from

electronic quenching, (an assumption which is valid for all atmospheric

I quenchers except N
2, 

02 and H2O even at gas kinetic quenching efficiency),

and assume that we are interested in sampling a volume of 2.5 x 10
_i 

cm 3 (a

I volume roughly 6.3 mm on a side), then we must have excited—state densities

in the viewing region of 1.6 x ~~~ particles crn’3 Thus, any species in the

atmcE phere whose abundance is leso than this can immediately be eliminated

I from consideration.

- In order to minimize losses from quenching and convection out of

the field of view, candidate fluorescent species should have a radiative

lifetime less than 2Us. This requirement essentially restricts the candidate

I species to atoms, diatomic, and perhaps a few triatomic molecules. In

considering species in the normal atmosphere, and possible fragments which

I could be produced from these species in photolysis, we can find only two

possible fluorescense candidates. Molecular oxygen might be observed by

I laser-induced fluo rescence on the Schuxnann-Runge bands in the ultraviolet.
I Fluorescence from OH mi ght be observable in two-photon photodissociative

excitation of H
2
0.

1 —36—
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The output of an ArF laser at 193 nm overlaps the P (15 , 17 , 19)

I 
and R (17 , 19 , 21) lines in the v ’=4 to v ” =O t ransi t ion of the 0 B 3E — X 3

E
23 

2 u g
band . In the th in—target  limit with ~~ >>~~ the fract ionalL absorber

I absorption of laser light by any of these lines is given by

C 2
1K 2 dv  Tte Nif

A — (28)
I 1~v m c 2L~\)L e L

I where k
~ 

is the frequency-dependent absorption coefficient, N is the number

density of the absorbing species , f is the oscillator strength of the transi—

I tion of interest , ~ is the pathiength of the absorption , 
~
V
L 

is the FWHM of

the laser line in cm 1 and the other symbols have their usual meanings . For

I the six lines of interest , we get

N f band~~
i ire 2 02 0 ~~~ N~ ~~

m c
2 V 2J + 1

e L 6 lines

where ~~~~~~ is the band oscillator strength (3 .04 x l0~~ for the (4 , 0) band)~~
4

I N
0 

is the number density of oxygen (4 .8 x 10
18 

molecules cm 3 at sea level) ,
2 1 

V

i is 0.1 cm , is 134 cm and the terms in the sum reflect  the Boltzmann

I population distribution , and the rotational line strengths of the lines under

consideration. We calculate that A = 7.2 x 10. If the ArF laser has an

I output of 50mJ~
2 then 3.6 x 1012 photons will be absorbed in the viewing

I region.

I Not all of the absorbed photons will fluoresce , however.  The
Schuxnann—Runge bands of 0

2 
predissociate, so that only a fraction of the

I excited states produced in the absorption of the laser light have the

poten tial to f l uoresce . The f luorescence eff iciency is given by

I _1
= (29)

• 1
T
~~

.

•

1 
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where T d .  is the predissociative lifetime given by

I
T = 

1 
= 1.27 x 10 12 

sec

I diss 2irc~~ -di ss

I and T is the radiative lifetime which is 187 ns for v’ = 4~ 5 Thus , inrad
the absence of quenching , the detected fluorescence signal will be the

I product of the number of pi~~tons absorbed, the fluorescence efficiency

against predissociation , and the system detection efficiency . We calculate

I that the detector signal will be 6 x l0~ photons, giving a detection pre-

cision of 13% for 1% density fluctuations .

I It is to be noted tha t the quenching of the exci ted states will be
unimportant if the .~rF laser is able to saturate the transition~ However ,

the commercially available ArF laser does not produce saturation . Therefore,

the dete~tion precision may decrease if the quenching rates for the excited

states are of the same order as ir - In addition , the detection precisionI rad
will also decrease by approximately a factor of 2 if the measurement is made

at an altitude of 10 Km.

I The excited-state number density produced from two-photon V 
V

dissociative excitation is given by

1 
2

I [A*] = ~~ [
~

]
~ 

(30)

where y is the two-photon absorption cross—section , typically~~l0
31 

cm
4
W

1
, \)

I is the laser frequency, I is the laser intensity in W cm ,
2 T is the laser

pulse length, and the other symbols have their usual meanings. For an ArF

laser delivering 5OmJ in 20 ns to a 1.5mm
2 target, we calculate that the

excited-state number density produced will be 1.5 x 10 of the number density

of the absorbing species. Ir .~LJer to produce excited-state number densities

greater than 10 particles cm, the parent molecule must have a number

density greater than 7 x io
l2 

molecules cm ,
3 or a mixing ratio greater than

10:
6 From Table 1 we find that this restriction limits the possible parent V

-38-
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I molecules to N2 , °2 ’ H
2
0 , CO 2 and CH

4 . In this list , the only likely V

I candidate for photodissociative excitation would be H
2
0 which might produce OH

fragments emitting around 308 nm .

In general , single photon photodissociative exci tation requires more
energy than can be met by sources which may be propagated through a i r .

I Approximately 4 eV would be required to break a chemical bond , and ano ther
3 eV to provide electronic excitation . This amount of energy , 7 eV , can be

I delivered only by sources with wavelengths shorter than 175 nm , i.e., beyond

the Schuxnann—Runge cutoff in normal air. There are some exceptions to this,

of course , such as the photolysis of 0
3 

at 250 run to y ield electronically
excited 0 (1D). We cannot think of any exceptions which give fragments with

I suff ic ient ly  short radiative lifetimes to be useful .

In the past few years , much e f fort has been expended searching for

I efficient chemiluiniriescent reactions which produce visible photons . We 
V

are unaware of any successes in these endeavors .

I In summary, the only sources of uv-vis photoexcitation which

might produce sufficient light intensity tO allow measurements in the

I percent range are laser induced fluorescence of °2 on the Schumann-Runge

bands , and two photon photodissociative excitation of H
2

O to produce OH

I fluorescence. Both of these techniques could be tried in the laboratory

with a conventional off—the—shelf ArF laser~
8

I
I
I
I V

I
I
I
1 

V
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4. TURBULENCE CONSTRAINTS

I Maki ng measurement in a turbulent environment requi res certain

spatial and temporal resolution capability in a diagnostic technique . In

I general , in a turbulent flow , one is interested in obtaining information
about the small scale structure and the energy spectrum . The small scale

I structure in a turbulent flow has a characteristic dimension given by the

Kolmogorov inicroscale ,

I ¼
I (m  ) (31)

where t) is the small scale characteristic dimension , \) is the kinematic
m

I viscosity of the medium and C is the rate of turbulent dissipation of energy .

Since rj is proportional to the one fourth power of C , the turbulence microscale

I 
for a variety of flows of interest range from 0.5 mm to 1 cm. For our appli-

cation , the density measurements are pertinent to the turbulent flow around
a turret mounted on an airplane . It is specified that the spatial resolu—

I tion reg .iired is approximately 1 cm.

In Section 2 , we have seen that the mDst promising three-level gain

I measurement technique yields a gain of 0.017 cm ’. Now the gain is directly

proportional to the density of the medium. Consequently , to measure 1%

I density fluctuations we require a gain measurement capability of 1.7 x

cm . In orde r to see how accura tely this measuremen t can be made , we calculate

the signal to noise ratio in the next subsection . We also note that wind

tunnel testing with air seeded with CO
2 
will significantly increase the sensi—

~ I 
tivity.

4. 1 Signal to Noise Ratio V

In Section 2 we have seen that the energy constraint on the pump

I laser requires that the single pulse experiment be completed in a time

less than a microsecond. In such a short time , the noise contribution

I I  H

t 
1 
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I
due to intr insic  desi gn of the detector is small . The background noise

I due to 300 K black body radiation does not enter in the calculation of signal

to noise ratio because we measure the change in the signal and not its

I absolute value .

Another source of noise which can significantly reduce the magnitude

I of the signal is t)~.e probe laser absorption in the atmosphere . As was

calculated in Section 2, the absorption coefficient at the probe laser

I frequency is 7.5 x l0~~ cm
1
. Since the path length for the probe beam is

expected to be approximately 1 meter , the probe laser absorption in the

I 
atmosphere wil l  be 7 .5 x io

_2
. Even 5% f luctuation in this absorption

from shot to shot can conceivably wipe out the gain that we are trying to

I 
measure .

This prob lem of the atmospheric absorption of the probe beam can be

resolved if we trigger the scope connected to the detector a few microseconds

I before we fire the pump laser . This arrangement will establish a reference

level and when the pump laser pulse arri ves, we can j ust measure the change

I from this reference line . Since the single pulse experiment is completed in

time less than a microsecond and the characteristic time scale of the

I turbulence is tens of microseconds , there will be no change in this re ference

line in a few microseconds . From pulse to pulse , however , this reference

I line will shif t, but we can still measure the gain .

Fluc tua tions in the detected in tensity due to photon statistics is

I another source of noise. This is the most important noise source which

limits the spatial resolution of the density measurement scheme. The CW

I diode laser to be used to probe the saturated medium delivers 0.5 mW at
4.32~m. In 100 nsecs, which is expected to be the time to complete a single

pulse experiment , the laser will deliver 1.1 x ~~ photons to the detector.
The statistical fl uctuations in detected signal is (1.1 x l09)½ and , there— V

fore , the ratio of detected intensity fluctuations to the initial intensity V

called the noise level, is 3.0 x l0~~ . This calculated noise lev.~l depends

upon the power of the probe laser, the pulse duration of the pump Laser and
V ( the effective vibration relaxation rate of the excited level in CO

2.
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In Fig. 10, we show the S/N ratio as a function of spatial resolution

I for 1% density fluctuations . It can be seen that in the spatial range of
interest to us, 1 cm , the S/N ratio is fairly reasonable. For instance ,

I for a path length of 1 cm, it is anticipated that we can measure 1% density

fluctuations to an accuracy of 16%. It is emphasized here that the S/N ratio

as calculated above is only approximate and at sea level. At an altitude of

10 Km , this ratio will drop by a factor of 3. However , if the S/N ratio is

not adequa te to give a reasonably accurate measurement, we can always use a

I multipass cell and increase the effective path length for gain . In Fi g. 10
therefore, we have also presented the S/N ratio for multiple passes through

I the same saturated volume. As can be seen, a multipass cell allowing the

probe beam to pass several times through the excited volume should be suff ic ient

I to provide a reasonably accura te measuremen t of the density f luctuations.

Now we calculate the temporal resolution required to make measurements

I in a turbulent environment and see if the three—level scheme under considera-

tion can provide such temporal resolution .

4.2 Temporal Resolution

I The highest frequency information which can be obtained from a tur-

bulent flow field is charac terized by the time scale of the small scale
structure . This time scale is given by the Kolmogorov time , T

k

½
T

k (
~

) (32)

j For our application, the value of the turbulent dissipation rate , C , is not

known, but it is believed that the Kolxnogorov time is of the order of tens

I of microseconds. This time scale is longer than the pulse length of the

pump laser, which is approximately six tenths of a microsecond as noted in
Section 2. Thus, each sample is taken in a time much shorter than thatI cha racterizing the fastest flow motion . This means that a particular sample 

V 
V

jr contains all the information about the fastest flow motion at some instant of

~ I 
time. However , that is not enough ,and to obtain frequency spectrum inforina-

tion we need to take samples at the rate of tens of thousand samples per

-42-
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second. This is because using pulsed devices , we can only recover f requency
information up to the Nyquist frequency , which is half the frequency at
which the device is pulsed.

I The commercially available high power HF lasers delivering power

levels of interest to us can provide rep rates of only 1-3 pps. These rep

I rates are insufficient to provide frequency spectrum information . However ,

if we assume tha t the turbulence flow field is random and isotropic , i.e.,

I taking samples at different times is equivalent to taking samples at different V

points in space, we can obtain information about the fastest flow motion

using the commercially available lasers . To see how this is possible ,I consider Fig. 11. The probe beam is made to pass through a beam splitter

which divides the beam into two parts . These parts may not be of equal

I intensity beca use we are only interested in the change in intensity . These

two parts then serve as two probe beams and sample the saturated gas at

two different points in space. By varying the distance between these two

beams, we can determine the spatial autocorrelation coefficient, a

I p(x,t) p (x + a ) ,
a E (33)

I V

I where a is the distance between the two points where the density measurement

is being made at a particular instant of time. If the turbulence is home—

I geneous , a is only a function of a, i.e. a = a (a). By taking the Fourier
transform of a (a) , we can obtain the energy spectrum of the fastest flow

I motion in terms of wave numbers.

From Eq. (33) , the power spectrum in terms of frequency can also

I be obtained if we assume that the turbulence is random. Then the space

and time coordinates in Eq. (33) can be interchanged and by taking Fourier

transform in frequency space, we can obtain the power spectrum.

If the turbulence in a flow field is not completely random, we may H

not be able to recove r frequency spectrum information but we can always

I generate probability distribution functions . If N is the total number of

FV 
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I
I

densi ty measureme nts made , and n is the number of measurements that lie

V 

:t~~~~ 
p(t) and p(t + t~t), then the probability density, B (p) is defined

B (Q) L~p E L i m  ~~-

N-~~

I
The probability density , B(p) satisfies the following normalization condition

V 

B ( p ) ~ 0 , fB(P) d p = 1

I -

~~~~

I

I
I V

I

I
I
I

r

II

—46—

I
~~~~~~~~~~~ 

j~~~~~~~~~~~~~
—

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



5. EXPERIMENTAL CONSIDERATION S

In the first four sections of this report, we have seen that the

three-level gain measurement technique which involves using 2.76 pm HF

laser for pumping at 4.32 lIm can possibly yield useful information about

the density fluctuations in a turbulent flow. We have also seen that for

1% density fluctuations , the S/N ratio is such that a reasonably accurate

measurement can be made with spatial resolution of 1 cm . In this section,

we explore the possibility of performing a simulation experiment in the

laboratory .

The HF laser power in 2 ~ 1 
p (4) line needed to saturate 000~~~02l

band in CO gas must be greater than 10 MW/cm
2
, while the pulse length must

be less than or equal to six tenths of a microsecond. Two types of hi gh

power pulsed HF lasers are available. Both of these models are manufactured

by Lumonics Research Limited. One is the Model 210, which can deliver 3.6 MW

of total power , and the other is the Model 203, which can deliver 1 MW of total
power. The salient features of both of these laser systems are presented in

Table 3. The Model 210 has been discontinued by Lumonics Research Limited, but
can be obtained custom made at an approximate cost of $40,000. The Model 203

is a modified version of Model 103. At PSI , we have Model 103 and it might beV V

possible to modify this model to obtain 1 MW of power with HF gas.

2From Table 3, it can be seen that greater than 6 J/cm fluence for

laser line 2 -
~ 1 P (4) can be obtained if the beam is focussed to less than

1.0 mm diameter for Model 210 and 0.5 mm diameter for Model 203. Thus, the
available commercial lasers cannot saturate a path greater than 1 mm2 in

cross-section. To obtain a gain length of 1 cm, one may proceed in two ways.
First, in the laboratory , the scheme could be tested at a reduced pressure.

For CO
2 
gas, the collision broadened regime extends down to 10 torr of pressure.

In a collision broadened regime , the saturation intensity is directly pro-

portional to the pressure through the vibrational relaxation rate constant.
V Consequently , by testing the scheme in a wind tunnel at a reduced pressure,

say 10 torr (keeping the concentration of CO
2 unchanged), we can relax the

- 
V
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I
TABLE 3

I Relevant Information on Commercially Available High Powe r HF Lasers

I 
V

Pump Laser

Type Lumonics - 210A Lumonics - 203

Power (multiline) 3. 6 MW 1 MW

1 Power (single line) 0. 6 MW 100 KW

I Power (2 -~ 1 P (4) line) 0. 15 MW 25 KW

2
Beam dia to obtain 6J/cm 1. 0 mm 0. 50 mm

Pulse width 0.34~.tsec 0. 5 ~.isec

I Cost $ 3 5 K-  40K $22 K

I

I

t 
V

I
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requirement on saturation fluence by a factor of 76. This arrangement will

I permit us to obtain a gain length of approximately 8.7 irun with the Model 210

laser.

I The second possibility is to use a cylindrical focussing lens which
will permit us to obtain rectangular cross—sections in the focal plane .

I Focussing the beam to 0.1 mm in one dimension, we can obtain a gain length

of 1 cm in the other dimension . This seems a mere promising method for

i obtaining saturation and a cm beam width.

The laser to be used to measure gain at 4.32 pm is the CW diode

I laser manufactured by Laser Analytics Inc. This laser can be fine tuned to
I provide a laser frequency which is in resonance with the P(16 ) line of

02l~ -’- 020 band in CO
2. The laser operates at cryogenic temperatures and

requires a lens assembly to collimate the beam. Definite information

about the amplitude stability of this laser over a microsecond time scale

I is not available, but it is believed that the amplitude stability is better

than one part in one hundred thousand during the time of the pumping pulse.

I If it is necessary to use a multipass cell to increase the effective

gain length, this can also be obtained from Laser Analytics Inc. This multi—

I pass cell contains two confocal mirrors placed at two ends of a one meter cell.

By appropriately varying the focal lengths of the two mirrors, we can adjust

I the beam cross-section (in the focal plane) anywhere in the range 1 mm2 to
V 1 cm. Use of a multipass cell requires transfer optics and it is apparent

that the cost of testing the technique will increase.

One advantage of making the gain measurement at 4.32 pm is that

sensitive detectors are available in this range of the infrared. Indi um
V antimonide detectors can detect 4.32 pm radiation. These detectors have a

I rise time of 0.2 psec and a D* of ioll cm ~~½ watt 1. The noise equivalent
I power is l0~~ watts, which is small in comparison to the power of CW diode

lasers.

I At PSI, the density fluctuation diagnostic can be assembled and

I experiments can be performed in gas cells at diffe rent pressures to establish

gain levels , signal to noise ratio , and determine if the pump laser is

—
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saturating the CO
2 gas. Saturation of the gas is insured if the small

I signal gain is directly proportional to the CO
2 
number density . Then low

speed turbulent flow experiments (grid turbulence) should be performed.

A transonic wind tunnel with a 6” by 6” test section is located in the

Division of Engineering at Brown University , and small scale turbulence

I experiments could be performed using this tunnel. Once these experiments
are completed and the features of this measurement technique have been

I validated, large scale wind tunnel testing should be performed at either

NASA or Air Force laboratories.

I
I
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6. CONCLUSIONS

In this report, several three-level gain measurement schemes have

I been examined from the point of view of monitoring density fluctuations

in a turbulent environment in the atmosphere . Two other techniques, that

of monitoring laser induced fluorescence signal and the use of gas break-

down as a diagnostic tool have also been examined. Our analysis shows

I that out of all the schemes considered in this report, the three—level

scheme which involves using a 2.7 pm HF laser to saturate 000 ~-4 021

1 band in CO
2 
and gain measurement at 10.6 pm with a CW diode laser is the

most promising scheme. The pump laser fluence required for saturation

I . comes out to be equal to or greater than 6 J/cm2 which is achievable with

corunercially available lasers. Quantitative information about the energy

spectrum of the density fl uctuations can be obtained by making simultaneousI measurem~nts at two different points in space. Furthermore, remote and

spatially resolved measurements providing information about the fastest

I flow motion can be made with reasonable degree of accuracy.

Another technique which has shown some promise of being able to

I measure 1% density fluctuations in a turbulent envi ronment is the monitoring V 
V

of laser induced fluorescence of 0
2 on the Schumann—Runge bands . It is

I recommended that both the schemes mentioned above should be tried in the

laboratory prior to field experiments.

I We wish to emphasize that even though the various schemes in this

report are considered from the point of view of monitoring atmospheric

I density fluctuations , the three -level scheme , in principle , can also be

used to measure species concentration in a variety of other applications.

I For instance, there is considerable, interest in determining the extent of

spatial non-uniformities in gain in high power HF lasers. The extension

I of the three—level scheme to this application is straightforward. Other

applicat ions where the three—level scheme may be of interest include the

I 
measurement of species concentration in MHD flow channels and in turbulent

combustion flows.

I 
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APPENDIX I

CALCULATION OF SATURATION INTENSITY

I
We define the saturation intensity for a given transition as that

I intensity which results in z~ro gain (in the limitino sense only) on that

transition. In a two-level vibration — rotation transition , the small signal

gain is given by Eq. (3). Zero gai n implies that

/ g2,~G
(~~) 

= ~~N = K~~~~2 3  
- 

~~~11 j ÷~~~ 

n
l~J+a) = 0

or ‘V 

V

I n = 

g
2~~

2 , J g1~~ + a l,J + a (AI- l )

I
where a = +1, 0, —l corresponds to P, Q and H branch transitions .

I When Eq. ( A I — l )  is satisif ied , absorptions and stimula ted em ission

balance one another and no further excitation results wi th increased pump

intensity . Eq. (AI—l) also implies that if level 1 is the ground vibrational

level the collisional and radiative relaxation of excited level (2,J) other

I 
than via stimulated emission is negligible .

Now we derive an expression for the laser intensity required to

saturate a given rotation — vibration transition . We consider vibrational

levels 1 and 2. Within each vibrational manifold is a large number of

I rotational levels. The rate equations for levels (2,-3) and (1, 3 + a) may

be written as V

I dn
2 3  

= 
~2 ,J 

— R (n23  
- 

~i ,j+a)~~ ~r [(~~~L2) N 2
_n

2 ,
J] 

(A I-2)

— —
~~~~~~~~i:i~

:-
~~~ 

—



I
I dn j +a (n l~~~+a) N

2 
+ H (n23 

- n
13+~~~ 

0
r 
[(

n
l~J+a) N

l
_n

l 3+a]

(A I— 3)

I
Here K is the effect ive rate constant for vibrational relaxation of level

I (2,3) via processes other than stimulated emission , R is the stimulated

emission rate constant (and it is assumed that the laser is resonant with

only one rotational li ne), and a is the rotational relaxation rate constant.

I For simplicity, in Eqs. (AI—2) and (AI—3) we have taken degeneracy ratio

I equal to 1.

The stimulated emission rate constant, R, is proportional to the

Einstein B coefficient:

I R = B
l J+a .2J f (~) g 

(v ,
v )  

d-v

where g (v, v ) is the line shape function and \ is the line center frequency .

Summation of Eqs. (AI-2) and (AI-3) over all rotational states yields

the rate equations for vibration level 2 and 1.

I ~~2 = -R (N2 
- N

1) 
- K N

2

I
= R (N2 

- N
1) 

+ K N
2 

(AI-6)

I Analytical solutions of Eqs . (AI-2 ) through (AI-6) for population V

inversion cannot be obtained . However , if we assume that R , a >> K ,

we can solve for (N
1 

- N
2
).

V I  
V
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:~— = 1 - 2R 

~~~~~ 
[

~~~~~L (1 - e l ) + ~~~ (l_e~~ 2t)]

where A
1
, B

1 
are constants and a1, a2 are the two rates given by

I 
a
1 

a
2 

= ~R + ~~
)[l 

~~. ~~~~ 
(AI-8)

= Boltzmann factor = 

(~~~

‘

~~)m  

= 

(

~~~
;
J+a) 

-

I The slowest rate for population build up in vibrational level 2, a
2 

can be
simplified as follows: V

a2 = ( R +~~~~) ~~~ 
(l

~~~~~~
f
~~~~~~~~

]

I 2 B  R a  a >> 2R 2 B Rf r r f

1 2 ( R +~~~.) 

V



Thus, in the absence of any vibrational relaxation, the steady state in

I population will be obtained when 2B
f
R <<a . Hence, the condition of

population saturation which yield a zero gain on vibration levels 1 and 2

I and on any of the rotational lines associated with these two vibration

levels is

C2 >> 2B
f
R >> K (AI—9)

I Comparing this condition with the saturation condition for a two level atomic

system (2R >> K ) ,  we note that if the rotational relaxation is allowed to

I occur during the time when the laser radiation is pumping molecules , the

stimulated emission rate must be increased by a Boltzmann factor. Thus the

I intensity requirement to saturate two vibrational levels when only one

rotation line is resonant with the laser radiation is much more stringent.

I It is to be noted that when 2 B
f
R < K , one can still obtain a steady

state population distribution, but in this case, the gain between levels 2

I and 1 will not be zero . V

Now we check the possibility of satisfying Eq. (AI-9) for molecules

of interest to us. For CO at 1 atmosphere , K ~ 1.6 x 10
6 
sec~~ while

a ~ 6.6 x 10 sec . Thus K and a differ by three orders of magnitude

and one can conveniently choose a suitable value of the laser intensity which

will satisfy Eq. (AI—9) .

I We can calculate the lower bound on the laser intensity neede d to V

saturate a vibration — rotation transition (I) from the following equation:

I
2 R B

f 
= K V

Making use of Eq. (AI-4) and assuming that the laser radiation is a delta

I 
funct ion in frequency, we get

I

V 

2 B~ B1J + a ;2 J (~) g (v2~ v)  
= K .

r
~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — V

~~~~~~~I ~~~~
V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~V__

~~~~_ V V V



For a pressure broadened transition, the line shape function is a Lorentzian.

Thus,

I = 

l6~~
2 
KhV 0

3 [~2 - ~0) (
~~J ) 2] 

, (Al-b )

~ 2 B
f
c
2
A 

~
V
L

I
where A is the Einstein coefficient for spontaneous emission.

I V

I
I V

I V 

V

I

I V V 
V

I
I

I

m

I V
V I
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APPENDIX II

I
INCREASED INVERSION EFFICIENCY IN OPTICALLY*

I PUMPED TWO-LEVEL MOLECULAR SYSTEMS

I
ABSTRACT

It is shown how , under certain circumstances, optically pumping an
R branch transition at high 3 number in a molecular gas may result in a

situation in which over half of the particles are in the excited vibrational

I manifold. This can lead to increased gain in transitions to intermediate

lying states and increased fluorescence signal in laser induced fluorescence

I experiments. In addition, gain can also be obtained on pumping band in

transitions which have frequencies smaller than the pump laser frequency.

Such an arrangement can be employed to obtain a wavelength shift.

I V 

V

I
I -
1

V 

V

V 

_ _ _ _ _
*To be published in Optics Letters, December 1979.
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I
The purpose of this note is to specify conditions in a molecular gas

I under which more than half the particles in the ground vibrational state may

be optically excited to a higher vibrational manifold. In a variety of

I applications there is strong interest in maximizing the excited state

number density: nonlinear saturation spectroscopy with lasers~
9 

generation

of laser oscillations on coupled transitions in an optically pumped three—
I 30—33 - . . -level system, and monitoring gas density using laser induced fluorescence

in a gas fbow~ In a two-level atomic system, optical pumping can result in V

the excitation of at most half the lower energy state particles (assuming

that the degeneracy of the two levels coupled to the laser radiation is equal).
V Once the number of particles in the lower and upper level becomes equal,

saturation sets in and no further excitation results from increased pump

intensity. In a two—level molecular system , however, as a consequence of

competing relaxation procEsses , it will be shown how m re than half of the

I lower vibrational state particles may be excited to a higher vibrational

level. 
-

We consider a two—level molecular system with vibrational levels 1
I and 2. Within each vibrational envelope is a large number of rotational

i 
levels. We assume, for simplicity, that the pumping laser frequency and

1 line width are such that absorption occurs only on one rotational line. In V V

a molecular system , typic~~ ly, the rotational te1axatio.-~ rate is 2 - 3 orders

of magnitude larger than V—V or V—T energy transfer rates. Consequently,

we can obtain, by a proper choice of laser intensity , a characteristic

pumping time CT) which is much larger than but much less than T
~

? where

and T
V~ 

are the characteristic times for rotational and vibrational

I relaxat ion , respectively . Unde r these conditions , if the pumping laser is

tuned to one rotational line, and if saturation occurs, the population of

I 
these two upper and bower vibrational—rotational levels will be equal. V

However , this condi t ion does not necessarily imply that only half of the

I 
total molecules in both vibrational states can be excited to the higher

vibrational state.

I V

•

1 
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We consider the following. Let the upper vibrational-rotational

I level coupled to the radiation be denoted by (2,3). Then the lower vibra-

tion—rotational level is (l,J+a), where a = +1, 0, and -1, respectively,

I corresponds to a P, Q or R branch transition. In the presence of a strong
saturating field, the number of molecules in level (2,3) is given by

2,3
= n

1 J+a (All-b)

I where g and g1 are the degeneracies of levels (2,3) and (1, J+a)2,J , a
respectively. Since T

R 
<< T , complete rotational equilibrium exists in the

I 
vibrational levels 1 and 2. Consequently, the number of molecules n

2 ~ 
and

~ l ,34a are given by the Boltzmann distribution

I heB V

n N 2 (23 + 1) exp [— B hc3(3 + 1)/kT] (AII—2)

I 2, 2 k T  2

I V

hcB 1

I ~l J+a = N1 kT
1 

[2 (J+a) + 11 exp [— B
1
hc (3+2) (J+a+l)/kT] (AII—3)

where N
1
, N

2 
are the total number of molecules in the vibrational levels

1 and 2 and B. is the rotational constant. From Eqs. (All—b) , (AII—2 ) andI
I (AlI—3) , the ratio of total population in vibrational manifolds 1 and 2,

N
2/N1 can be determined as follows:

~ I 
= 

:~~~~~ ~: ~~ 
a) )  

(AII-4)

V 

~~~~ 
~~~~~ ~~~~~~~~~~~~~ ~~~~ VJ~~~~~~~~~~ 

~~ 

~~~~~~~~



I
I

where

V 
— 
BhcJ (3+1)

— 
kT (AII—5)

I
in Eqs. (AII-4) and (AII—5), for simplicity we have assumed that the rotational

constants for levels 1 and 2 are equal, i .e., B
1 

= B
2 

= B.

If the total number of molecules is N (N N + N ) ,  we can calculateo o 1 2
N
2
/N from Eq. (AII-4) as

N
2 

— 
exp (-ct(J+a) 

(AII-6)N 
— 

exp (—a(3+a) ) + exp (-a (J))

In Figure 12, the ratio N
2/N is plotted as function of the Boltzmann 

V

factor , BF (B
f 

E N
2 3

/N
2

) for F , Q and R branch pumping in HF .and CO. These

are merely representative cases and the conclusions drawn in the following

I pertains to any optically pumped two~ 1Veve1 molecular system. It can be seen

I 

that for both !~F’ and CO molecules , more than half the particles can be excited

to vibrational level 2 if the pump laser is tuned to a high 3 rotational line V

on aVVVI R—brar.ch transition. In fact , if we pump far enough in the tail of the

I rotational distribution on an R-branch transition , we can virtually empty the

ground state. The important parameter which determines the extent of excita—

tion to level 2 is the rotational partition function , 
~r ~~r hcB ’

~ 
If Q is

small, for the same SF, one can excite more particles to the excited level 2

I than when Q is large . Since 
~r 

is directly proportional to the temperature,
I Fig. 12 also shows that it is advantaceous to pump a gas at lower temperature

I in order to increase the excited state number density.

- To consider gain on a transition between level (2,3) and a level

I intermediate between 1 and 2 (and essentially unpopulated thermally), we

need only multiply, Eq. (AII—6) by a Boltzmann distribution . We also examine

I the possibility of gain between vibrational levels 1 and 2. The population

inversion V

I 
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I
I ~N3, 

(1~2~
J1 

— ~~ nl~ JI+a)
I

where a’ = +1, o, -1, for P . Q and H-branch transitions respectively, is

I given as follows:

____ — 
[ (2  J ’+l) Bhc exp (—a(3)) exp (—a(J’+a’)) 

~N 
- 

L kT [exp (-a(J+a)) + exp (-a ( J ) )]

I
I
I [ex~ [ _  ~ [2aJ

_ 2a13’ + a-a ’ +a 2 _ a~2]] _b ]

In a thermalized rotational distribution , the population inversion on a P-

branch transition is larger than on Q— or R-branch transition. Consequently ,

for a given rotational partition function, the maximum population inversion

is obtained when the rotational level with the most particles in the excited

I states (3’ ) is involved in P-branch transition . In Fig. 13 we show thismax
maximum population inversion normalized by the total number density as function

I 
of B~ for P, Q, and R—branch pumping. It can be seen that a very large popula-

tion inversion is predicted when pumping is done on R-branch transition. One

interesting result to be noted from Fig. 13 is that even though P-branch pumping

I excites less than half the ground state particles to the vibration level 2, one

can still obtain population inversions on P-branch transitions having frequency

I smaller than that of the pump laser. This population inversion , however, is

small and is due to the fact that the frequency of P—branch transition decreases

I as 3 is increased.

It is to be noted that if the pumping laser is tuned farther and farther 
V

( away from the maxima of the rotational distribution , the number of particles F

availab le in one rotational level keeps on decreasing . Consequently, to

1 
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I

cause saturation, the pumping intensity must be increased (Saturation

Intensity absorption coefficient 
L
)~ However, in the collision

I broadened regime , the saturation intensity is directly proportional to

I 
the pressure through the characteristic time for vibrational relaxation.

Therefore, in the collision broadened regime , by reducing pressure it

I 
is possible to cause saturation at reduced pumping intensity.

The extreme depletion of the ground state as predicted above may

be pertinent to studies in the reaction kinetics of excited states.

Increased population in the excited state can also lead to an increase in

the fluorescence signal in laser induced fluorescence experiments5 and

J increased gain in transitions to intermediate lying states. Furthermore,

pumping on high 3 values in R-branch transitions and obtaining lasing on

I other transitions which have inverted populations can provide us with an

efficient method of frequency shifting. Th~.s can be applied to the selec.

I tion of lines that propagate through the atmosphere with less attenuation,
V 

and can also be used to shift lines to obtain greater absorption in optical

pumping techniques.

I
I
I

I

I

I

1 
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